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In  spring  and  fall  1985,  air  expendable  bathythermograph  surveys  of  a 
large  area  off  the  northeast  coast  of  South  America  revealed  an  exten¬ 
sive  field  of  subthermocline  thermal  staircases  which  is  probably  the 
site  of  vigorous  salt  fingering.  During  both  seasons  the  staircases 
were  shallowest  in  the  south  (180-360  m)  and  deepest  in  the  northwest 
(420-650  m) ,  occurring  on  the  average  between  the  8  degrea  and  13 
degree  C  isotherms.  Typically,  each  staircase  consisted  of  10  well- 
mixed  layers  with  average  thickness  of  16  m  and  average  interlayer 
temperature  change  of  0.52  degree.  Thicker  layers  seemed  to  be  associ¬ 
ated  with  larger  temperature  changes.  No  seasonal  variation  in  these 
parameters  was  observed.  The  interfaces  separating  the  layers  had  a 
modal  thickness  of  2  m,  with  interfaces  in  the  spring  tending  to  be 
thinner  than  in  the  fall.  The  region  bounded  by  10  degree-14  degree  N, 
52-57  degree  W  tended  to  have  staircases  with  more  layers,  thicker 
layers,  and  larger  interlayer  changes.  The  sharp  northeastern  staircase 
field  boundary  occurs  at  the  confluence  of  the  Subtropical  Underwater 
and  the  Antarctic  Intermediate  Water,  suggesting  that  the  staircases** 
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**may  be  formed  in  this  region  and  then  extend  south  and  west 
to  form  the  rest  of  the  field. 
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F^roperlics  of  Thermal  Staircases  otf  the  Northeast  Coast  of  South  America, 

Spring  and  Fall  1985 

.Ianu  I  I).  Ho'v  i> 

/'/;\  s/(  III  ( )t  (■  iihi'^!tiph\  liiiiiii  h.  \iniil  ( ><  tttn  lit  \iiirt  h  iintl  Ih\ili>pitu-itl  .-l(  fttilv.  Sunnis  Spine  (tiiiri .  Mi'tsftMfipi 

t 

III  spiin.i;  .iiul  Kill  I'W',  iiir  cvin.'iuliiKk-  h.illn llifi iiuii:r;ipli  ',iiia'i;>s  nl' .i  Kirtic  arcii  oIVlIic  n(iillii.Msl 
^.(l.l^l  (i|  Soiilli  \iiii.iKa  U'lo.ikAl  an  o\lciisi\i.-  rn-kl  nK  Mihlhci ni(n;lini.'  Ilicniial  vlaircascv  «lin.li  is 
puili.il'li  llic  MIC  111  Mciirinis  sail  liimciinn.  Diiilnn  IhmIi  seasons  (he  slaneases  uere  sliallouesl  In  (lie 
soul  li  I  I  S(i  !K||  111  1  aiul  ileepesi  in  the  noi  lliu  esi  (42(l-(v''ll  nil.  oeeiii  rini:  on  I  lie  a\  ei  ape  helu  ecu  I  he  S ' 
aikl  I  '  (  I  ol  he  I  Ills  I  \  pieallx .  eaeli  stall  ease  eonsisleJ  ol'  1(1  «ell-nii  veil  lav  ei  s  with  avei  ape  ihlekness 
ol  |(>  111  anil  aveiape  inteilaver  leiiipeialuie  ehaiipe  olO.S’  1  hlekec  laveis  seenieil  lo  he  assoeialeil 
vvilti  laipei  leiiipei ainre  ehanpes.  No  seasoi'al  variation  in  Ihese  paranielers  was  ohseiveil.  The 
inlerlai es  se|'ai  aliiip  (he  lavei  s  hail  a  nioilal  Ihlekness  ol'  2  in.  vv  ilh  liilerl’aees  in  ihe  spi  iiip  teiiilinp  lo 
he  llnniiei  111, in  in  llie  rail.  I  he  lepion  hoiniileil  hv  Id  -14  N.  s^  -s7  A\  (eiitleil  lo  have  slaireases  vv  iih 
more  laveis,  ilnekei  live's,  and  Inner  inleilavei  leinperalnre  ehanpes.  Ihe  sharp  noi Iheaslei n 
si, mease  lieki  hoiiiukiiv  oeenis  .n  ihe  eonikieiiee  ol  Ihe  Siihlropieal  riiilervvaler  anil  the  .Aniarelie 
Inlei  meili.ile  \k  .ilei  .  snppesiinp  lli.il  Ihe  si.nie.ises  in.iv  he  lornieil  in  (his  lepioii  anil  Ihen  evleml  south 
.mil  west  lo  lonii  Ihe  lesl  oT  Ihe  lielil. 


I\  I  IdllH  (  I  KIN 

Ihe  (  anhhean  Sheets  aiul  1. avers  Traiiseeis  (C-S.AI.I'I 
prupram  was  eoiKhielevi  oil  Ihe  noriheast  eoasi  of  Soiilh 
.\meiiea  in  spnnp  aiul  I'all  IhS.'l  \.S(  hiiiill.  IW7|  as  a  iniilli- 
seale  iiiv esiipation  ot'llie  evlensive  thermohaline  staircases 
lhal  are  a  eommon  reatiire  of  the  siihihermoeline  in  the 
repion  \llt  hiorc  luitl  A/i 7//ie//,  1772;  St(i:cik<i.  1774:  Perkins 
(iiul  Sduitilers.  17X2:  //iki/kiv  niul  (>:niiil(iy.  Hiihc  cl 

(//..  17, S4;  PtiYil  iiiitl  I'erkins.  l7,S7'r  'I  he  sitiirease  phenome¬ 
non  IS  eharaeteri/eil  In  a  vertical  lempertitiire,  stilinitv  .  tiiul 
viensitv  strneltire  in  which  to  .■'tl-m-thiek  vvell-mivevi  eon- 
seentive  layers  are  sep.irateil  hv  several-meter-lhiek  inler- 
I'aees  across  vv  hieh  leni|ieralnre.  salinitv.  ,nul  viensitv  change 
rapiilly.  Doiihle  vlilliision  ol  the  sall-lingei ing  loini  is  eom- 
nuinlv  thought  to  he  Ihe  eansalive  ineehiinism.  with  the  salt 
lingers  piesunievi  to  lie  within  Ihe  high  gcivlieni  inlerraees. 

It  is  hv pothesi/evi  lhal  such  staii eases,  which  have  ;ilso 
heen  ohservevl  iiiuler  Ihe  Meililerranean  Oiiinovv  |e.g.,  /,/- 
linn  fl  III..  I774|.  in  Ihe  I'vrrhenian  Sea  |e.g..  .IdIkiiiiu  ssiii 
iiiul  /,<■<■.  I774|,  anil  in  Ihe  northwest  C  arihhean  \l.iiinhirt 
anil  Sinrpi  s.  I777|.  represent  sites  of  vlonhle-vlill'iisively 
enhaneeil  vertical  miving  hetween  relatively  vvtinn.  sally 
water  ahove  Ihe  siiiireases  anil  cooler,  I'resher  Witter  helovv. 
In  this  region  oil  South  .Americii  the  vviirm.  sally  Witter  is  the 
suhsiiii'iiee  salinity  maximum  of  Ihe  Suhiropieal  Unilerwii- 
ler.  or  SliW  \l)iiani.  1761 1  (terminology  I'rom  VVm  v;  1 1764|) 
eenlereil  itrounil  KM)  m.  anil  the  cooler.  I'resher  wider  is  the 
Anlitrelie  Inlermeiliiiie  Witter,  or  AAIW  |lV/n  vr  17781  Ker- 
minology  I'rom  I’ii  kanl  ami  lancry  |I782|)  with  its  core  at 
ahoiii  7.A()  m.  Ilayil  ami  I'crkins  \  I787|  hitve  summitri/eil  Ihe 
finilings  from  1767  ihrough  I78.A.  while  Si  liinin  i  i  al.  1 1787) 
anil  other  arlieles  in  Ihe  siime  issue  of  ni'i'p-Sea  Kcscan  li 
give  an  overview  of  the  178?  C-S.Al.l  project  anil  some  of 
the  iniliiti  results. 

As  part  of  ('-SAI.I.  two  large-itrea  air  expendable 
hathylhermogriiph  (AXHI  )  surveys  were  eonilueteil  during 

I  his  paper  is  not  siihjcel  In  I  S,  eopvriphi,  I’lihlisheil  in  1787  by 
the  .Ameiiiiin  (ienphysiciil  I  ninii, 

I’apci  niinibei  87.I(  (H)??7. 


both  of  Ihe  I78,x  spring  and  fiill  held  phases  lo  investigate  Ihe 
extern  iuul  ehiiraelerisiics  of  the  siairciise  held  and  to  deter¬ 
mine  Ihe  mesosealc  How  patterns.  I'his  paper  presents 
findings  on  the  hori/onlal  and  verticiil  extent  of  the  stair- 
Ciises  during  C-SAI.'I .  their  staiistieiil  properties,  and  their 
reliilionship  with  the  mesoseale  How. 

0  \  t  \  Al  yv  isi  I  ION  AND  Kroi  I  SSINl, 

•A  survey  of  Ihe  historieiil  leporls  of  stitireases  in  this  areii 
showed  that  the  most  likely  region  in  which  to  hnd  Ihe 
thermohiiline  hiyering  vviis  .A-I8N.  46-6()  W.  a  region 
covering  nearly  1.2  x  It)''  km'  (I'igure  I).  I  he  large  extent 
over  which  Ihe  features  might  be  found  meant  Ihtit  the  only 
feasible  Wity  of  obtaining  complete  sy  noptic  eovertige  was 
with  hirge-area  aircraft  surv  ey  s.  I  he  Hights  cov  ered  ;i  region 
171)0  km  by  1400  km  in  extent  and  were  designed  to  include 
the  hisioneal  composite  region  plus  a  generous  mtirgin 
(I'iguie  I).  Beetiuse  of  an  airenift  meehiinietil  problem,  the 
lirst  phase  of  the  work  took  phiee  over  two  periods  in  spring 
178.'',  including  2  weeks  in  late  Mttreh  ;tnd  I  week  in  early 
M;iy.  Ihe  second  phtise  oeeurred  during  the  mtiin  C-SALT 
held  openilions  in  October  178.?.  Both  shttilow  (nomintilly 
40?  ml  and  deep  (nominiilly  760  m)  AXBTs  were  dropped 
between  ??  and  1 10  km  tiptirt  to  provide  a  grid  of  subsurface 
lempertilure  iliitii  to  a  mtiximum  depth  of  nearly  8(M)  m.  The 
ntivigiilion  eituipment  included  a  I.itton  72  inertial  navigation 
system  ;ind  a  Litton  211  Vl,l-7()MKCiA  system,  with  an 
tieeuraey  of  1-2  n.  mi  (1.8- .4. 7  km).  The  drop  positions  arc 
considered  accurate  lo  I..?  limes  the  navigational  accuracy, 
iiboul  .4  n,  mi  or  .?..?  km. 

I  he  data  w  ere  colleeled  using  a  microcomputer  based  data 
collection  system  al  a  resolution  of  I?  (fall)  to  20 (spring)  cm. 
I'he  so-called  spatial  resolution  of  the  AXB'f  (lime  constant 
limes  fall  rale)  is  comparable,  about  I?  cm.  (The  vertical 
resolution  for  Ihe  air-deployed  probe  is  belter  than  for  Ihe 
shipboard  XB  T  because  the  AXB'f  probe  has  a  blunter  nose 
than  Ihe  shipboard  version  and  Ihe  fall  rate  is  slower, 
approximately  I..?  m  s  '.)  Editing  of  the  data  involved 
discarding  beginning  and  ending  transients,  linear  inlerpola- 
tii>n  iicross  regions  of  noise  from  radio  frequency  inlerfer- 
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l  iL!.  I,  R^.‘p^>ll^  ol  Ihcrmoluiliiic  slaiicascs  in  the  sHkK  area, 
|*>^/)  I  he  hea\\  line  enehises  the  hisiorieai  ct>m|HiNile  reiiii'ii 

ikahieed  liom  these  ohservaliMiis;  the  vlutted  line  encloses  llie  area 
i>\ei  which  ihe  aiiciall  survevs  were  coiKhicievl. 

ciKi.'.  ap|ilic;ilii)ii  ul  iiiifiiovcd  k'lnpcraturc  ami  ilcpih  cim- 
Mjisioii  L'i|iialions  \H(i\(l.  1986.  I987|,  and  liUcrin}’  and 
doLimalion  ol'lhc  data  at  tl.Cnt  lst;itistic;d  tintilvNisI  tind  2-in 
lin(.'soM.ali.'  analysist  intervals.  I  lie  individtial  proliles  ,irc 
aeetiiate  to  ahont  11.2  ('  in  teniperattire  tind  tn  iti  depth 
I98f).  19871,  altluui};li  the  pieeision  is  peihtips  an 


order  of  niannitiide  better  Isinee  individual  proliles  generalK 
were  inaeetirate  by  a  eonstant  ollset,  espeeially  in  tenipera- 
tiiie  and  over  large  ranges  in  deptlil.  One  hiiiulred  eights - 
lour  ileep  and  V's  shallow  protiles  were  obtained  Irom  the 
spring  nights,  and  2bl)  deep  ami  4.>  shallow  proliles  were 
obtaineil  Irom  the  tall.  Complete  details  on  the  data  aec|m- 
silion  and  proeessing  are  given  by  liovil  1 198b|. 

rile  mesoseale  llovs  was  estimated  Irom  maps  ol  dsnamie 
height  anomaly  rerereneed  to  71)1)  dbar.  Although  tempera- 
tiire-salinity  t/-.Sl  relationships  in  the  area  are  tisiiallv  quite 
tight,  the  region  is  one  of  relatively  strong  hoi  i/ontal  salinity 
gradients.  To  aeeoimt  lor  this  to  some  extent,  the  x  square 
historieal  potential  temperature-salinity  tll-S)  relationships 
Irom  i.iiu  ry  iiiul  Dewdr  \  I982|  ssere  useil  to  assign  salinities 
to  temperature  values  and  then  dynamie  height  anomalies, 
and  geostrophie  eiirrents  were  estimated  relative  to  7t)t) 
dbar.  the  vieepest  rel'erenee  level  for  whieh  a  siillieiently 
large  number  of  .AXHI'  proliles  existed  tpressure  was  esti- 
maleil  Irom  depth  using  the  method  ol  .Sim/u/crv  1 1981  |l.  I  he 
How  lieltl  lindings.  however,  are  quite  insensitive  tci  salinity 
variations,  sinee  virtually  identieal  eoneliisions  were 
reaeheil  b\  examining  depths  of  isotherms  and  by  using  a 
mean  O-S  eiii  ve. 

Kl  SI  I  IS 

l.<>(  (ilioii  (>1  Sldircd.sc.s 

l  Atimples  of  lypieal  temperature  proliles  Irom  the  region 
tire  shown  in  I  'igure  2.  I  hey  may  he  eltissilied  into  three 
categories;  strongly  developed  slairetises  Hive  or  more  well- 
iiiixcd  layers  greater  ihtm  .'v  m  in  Ihicivness).  wetik  stiiiretises 
lone  to  lour  well-mixed  hiyers).  or  no  siaiietises.  While 
siibjeetivc,  the  eltissilietilion  scheme  is  quite  robust.  Only  a 


Temperature  Offset  is  5  deg  C 

I  ig.  2.  OIVscM  iciiipc'ialiiie  proliles  illiislialing  strongly  developed  sliiireases  I4T).  weakly  developed  staircases  (,S8) 
and  a  profile  from  Ihe  region  showing  no  staircases  (18).  The  points  taken  as  Ihe  beginning  (rl)  and  ending  Ir2)  depths 
of  the  slaircases  are  indicated. 
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I  ig.  V  1  .IH.-.IIIOI1  ol'  llio  laijic-M-ak'  llK'inial  stallca\^.•^.  spiins; 
aiul  fall  I  .aigc  iliailloiKN  iiulkalc  slmiii’  layoiinu.  Miiall  ili.i- 

iiuini.K  ucak  iasurins;.  aikl  ilols  no  koci  iiii;.  Hk'  mam  Nlaiivasc  liclil 
uas  cikIosoJ  uilliin  Ihc  soliil  line,  while  rcjilons  ol  less  well 
ikwelo(iei.l  ^Ianvases  lell  within  the  i.laslK’i.1  line'.  I  he  hixloneal 
eonipoMie  loeaiion  iVom  l  linire  I  Is  iiHhealec.1  h\  ihe  i.lash-i.lol  line- 


lew  proliles  IVom  eneh  pcri(.Kl  mitihl  he  eonsielered  eqtiivoeal. 
and  ehanginj;  iheir  elassitications  wuiikl  not  ehani:e  Ihe 
eonelusions.  In  aeklition.  iistiallv  the  deplhs  al  whieh  Ihe 
slaiieases  beiian  (rll  and  ended  1.-2)  were  v\ell  defined  lo 
vsiihin  10  m  or  less  (I  it;nre  2). 

The  resullanl  pieinres  of  ihe  exient  of  the  sprinj;  and  fall 
sii.irease  fields  (I'igiire  3)  are  somewhat  difVerenl.  hut  holh 
fields  elearly  I'eli  lart;ely  within  the  historieal  eomposiie 
region.  However,  rather  extensive  areas  of  weak  layering 
oeenrred  east  of  the  eomposite  region  houndary  heivveen  X 
and  12  N  timing  holh  lime  periods.  Within  this  latitudinal 
range.  Ihe  eomposite  loeaiion  houndary  prohtihly  shimld  he 
revised  to  extend  somewhat  I'ariher  lo  Ihe  east  than  is 
indietiletl  in  l  igures  I  ;ind 

In  spring  lOS.x.  the  main  hotly  til'  the  step  field  extended 
ntirthwestwiird  I'rtmi  7  N.  40  W  tt)  at  letisl  16  N.  60.5  W.  the 
westwaiii  limit  til'  the  flights.  Hy  and  large  the  strongly 
tleveltiped  steps  fell  within  a  very  well  tlefinetl  area.  ;ind  nt) 
“holes"  iregions  with  nt)  sitiiretises)  were  ohserved  within 
ihis  ;irea  with  the  aireraft  thila.  allhttugh  data  from  the 
et)neurrenl  ship  ttpertifitins  showed  oeeasittnal  small 
“ht)les“  (K.  .Schmiff.  persttnal  ettmmiinieafion.  1985).  Weak 
hut  identifiahle  steps  tteeurretl  outside  portitins  of  the  hounil- 


;ir\  t)f  the  slrtuigl  t  tkweltiped  steps,  espeei;dl\  It)  Ihe  north- 
easi  iind  st)uthwesi.  I  he  liiinsilion  from  nt)  lherm;il  steps  it) 
sirt)ngl\  develt)peti  steps  was  ter>  tihrupl  al  Ihe  eenlrtil 
nt)rthern  and  stmlhetislern  homitkiries.  I  he  v\ ell-tlex elopetl 
kixers  et)veretl  an  tirea  of  stime  0.5  >  Hf'  km',  with  weakei 
stairetises  t)eeurring  titer  an  ;itltlitit)n;d  0.4  '  ■  Kf'  l.nv'. 

Uy  l;dl  Ihe  lieltl  was  etinslrieled  heUteen  48  and  54  W  to 
he  helween  8  ;mtl  12  N.  ;mtl  then  extended  farther  west  and 
north  lh;in  in  the  spring.  .\g;iin  ihe  strongK  developed  steps 
fell  predtiminaniK  within  ;i  w ell-tlelinetl  areti.  iilthtmgh  some 
“holes"  and  we;ik  steps  weie  founti  among  Ihe  otherwise 
well  tlexelopetl  sttiireases.  Sthmin  ci  <il.  |I987|  found  that 
hivers  etiultl.  al  limes,  he  traeetl  unamhigutiiish  through 
imheddetl  regitins  tif  nt)  tir  ptitu  K  det  elt'ped  slairetises. 
kegittns  t)f  wetikei'  steps  exientletl  tint  to  the  ntulheasl  and 
southetisl  anti  tti  the  northwest  anti  stuilhwest.  I  he  traiisi- 
lit)n  frtim  nt)  steps  it)  slrtingK  tle\ek)petl  steps  along  most  of 
Ihe  inirlhern  houndaiA  was  again  ahrupl.  I  he  mam  staiietise 
lieltl  etiveretl  ahoiil  0.6  ■  10''  km’,  and  less  well  detehiped 
laxeis  inelutletl  aiuuher  0.41  •  10''  km'. 

file  depth  ofoceurtenee  of  Ihe  slairetises  shtiued  ;i  strong 
get)gr;iphie:il  dependenes  ll  iguie  4l  whieh  ft'llt'vts  the  le- 
gitmal  depth  tienti  t)f  Ihe  isotherms.  .Slaiieases  in  the  stuilh- 
etist  ettrner  were  the  shallowest,  espeeialK  in  the  spring, 
lying  tin  the  axenige  helween  ahoiit  ISO  and  360  m.  I  he  held 
tieepenetl  it)  the  northwest  to  |•oughh  420  it)  650  m.  Wide 
xarialitins  in  heginning  and  eiitling  tiepths  tieemied.  exen 
heixxeen  sialitins  tuilx  60  or  so  kiltimelers  aptiri.  Overtill. 
sitiirettse  depths  dependetl  mtire  tm  hiiiiiide  lh;m  tm  longi¬ 
tude.  I'xtai-dimensitiniil  linetir  regressitins  intlie;iletl  that  Ihe 
heginning  depth  of  the  slaiieases  inereiised  Iti  the  north  al  ;i 
nile  t)f  25.0  tind  29.4  m  per  degree  tif  hilitude  in  the  spring 
and  tall,  respeelix  elx ,  hut  inereasetl  it)  the  east  ;it  a  rate  tif 
tinly  2.9  and  0.2  m  per  degree  tif  Itingilude.  I  he  termination 
depth  t)f  Ihe  steps  inereasetl  ntirlhxxard  al  a  rtile  of  32.6  tintl 
39.5  m  per  degree  tif  latitude  hut  inereiised  xxestxx  ard  at  tinlx 
1.8  and  3.4  m  per  degree  tif  Itingilude. 


Siiiin  (ISC  Stiiiistii s 

Deliiiled  aiiiilxsis  of  the  spring  iind  fiill  profiles  allowed 
etinsiruelitin  of  lehiiive  frequenex  disirihutions  ftir  ii  numher 
t)f  importiini  siaiisiieal  prtiperlies  tif  the  staireiises  (Figures 
5-14).  Ktilnitigtirtiv-Smirntiv  tests  of  Ihe  various  disirihu- 
lions  shtiwetl  mtisi  it)  he  siiiiistieiilly  identical  (iit  a  signih- 
eiinee  level  of  tr  0.05)  in  htith  the  spring  and  fall,  the  sole 
exception  being  Ihe  frequency  distrihution  of  interface  thick¬ 
nesses.  With  that  tine  exceplitin,  the  dalii  iire  presented  as 
potiled  distrihuiitins.  None  of  the  distrihulitins  w  ere  ftiuntl  lo 
he  (iiiussiiin  when  tested  xxiih  it  l.illieftirs  test  til  o  -  0.05. 
I  he  liori/ontal  etiherenex  t)f  stime  hixers  noted  above  im¬ 
plies  thill  i)  cerliiin  unkntixxn  pereenlage  tif  Ihe  tihserviiiions 
used  in  ciilculiiiing  the  Itilltixxing  siiitisiical  properties  iire  not 
independent,  Htixxever.  Ihe  extensive  gctigraphic  iircit  over 
which  Ihe  tihserxiOitins  were  tlriiwn  iind  Ihe  liirge  numher  tif 
tihserviiiions  (and  hence  degrees  of  freedom)  ftir  Ihe  siatis- 
liciil  ealculalitins,  ranging  from  lit)  to  946,  means  that  Ihe 
findings  are  unlikely  lo  he  mueh  alVecled  hx  lack  of  indepen¬ 
dence  t)f  some  of  Ihe  ohservaiitins.  This  topic  is  addressed 
further  in  Ihe  last  seclitin. 

The  siiiirciises  tended  to  begin  at  ahoul  13  ('  (mean  of 
12.9  ,  staniliird  deviiilitin  of  1 .2  (')  and  to  end  at  ahoiit  8'  or 
9"C'  (mean  of  8.6  ,  standard  deviation  of  0.96  C)  (Figure  5). 
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This  implies  Uial  Iho  bulk  of  Ihc  staircase  lieki  lay  between 
the  2b. S  and  27. 1  lsop\  enals.  if  the  n-S  rehitiunship  for  region 
4  of  I'.iiicrx  mill  Dewar  |  l‘■W2|  is  used  to  estimtite  salinities. 
I  he  (.listributions  are  positisely  skewed  and  aie  leptokiirtie 
ti.e..  relativeU  peaked  in  the  eentei,  eompared  with  a 
(iaussian  distribtitionl. 
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I'he  most  freguently  observed  number  of  well-mixed  lay¬ 
ers  in  a  stairetise  was  9  or  It),  with  I  1-12  tind  7-8  also  being 
common  (I  'igiire  b).  I'he  avenige  number  was  9.b  ±  2.9.  The 
distribution  is  well  deseribed  by  a  Poisson  distribution  with 
ii  mean  of  about  It)  Itiyers  per  profile  tverified  using  a 
Kolmogorov -.Smirnov  test  with  o  -  t). The  largest  num¬ 
ber  of  layers  per  profile  tended  to  occur  between  I()'’-I4"N. 
.“'2  -.v7  W.  which  will  be  referred  to  as  the  core  of  the 
staircase  region  ll'igure  7). 

The  frequeney  distribution  for  the  thicknesses  of  the 
well-mixed  layers  tended  to  be  bimodal  I  Figure  8).  One 
common  range  of  sizes  was  about  2-b  m  and  another  was 
perhaps  14-19  m.  althovigh  the  larger  steps  were  broadly 
distributed  over  a  wide  rtinge  of  sizes.  The  metin  layer  size 
was  Ib.f)  T  9..*!  m.  and  the  largest  layer  encountered  tin  the 
fall)  was  48  m  thick.  The  distribution  was  strongly  non- 
(Jaiissian  tind  was  positively  skewed  and  platykurtic  (i.c.. 
relatively  Ikit.  compared  with  a  Gaussian  distribution). 
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I  If!  X  Dislnhiiuons  for  the  lempcratiircs  at  which  the  well- 
developed  staircases  la)  began  and  l/>)  ended. 


l  ig.  b.  Distribution  for  the  number  of  layers  within  the  well- 
developed  staircases. 
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I  i,L  I  Ik'  imnilx'i  111  hiM-'is  williin  ,i  ^l,lllLa^c  as  a  liinclum  <>(’  l  i.u.  '>  Si/o  ol  Iho  lasers  as  a  liiiKTii'n  oT  laliliulc  anil  longiUiili'. 

laiiliidi'  aiul  lonintuili',  Slaneasi's  hi'liu'en  I0-I4N,  sj  .s7  VV  ITic  laijrcsl  laicrs  leruleil  U>  lie  hi'liiccn  10 -14  N.  52 -47  W, 
leiuleO  U'  liaie  llie  lareesl  ninnOei  oT  lasers. 


There  ssas  a  lemlenes  lor  ihe  staireases  ssiihin  ihe  core 
reeion  lo  Inse  Ihieker  lasers  as  ssell  as  a  laiiier  niimher  of 
las  ers  i  l  ijMire  0). 

Ihe  rel.ilise  I'requenes  ilisirihiilion  for  inierfaee  Ihiek- 
nesses  ssas  the  one  disii ihiition  nol  siatistieiills  iilenlieal  in 
Ihe  spring  anti  fall  (I  igiire  Mil  I  or  Moth  the  pooled  ;ind  the 
se;ison;il  disiriMiiiions.  houever.  Ihe  most  eomnion  inleiiaee 
Ihiekness  ssas  tihoiil  2  m  11.75  ■  2.25  ml.  Ihe  mean 

Ihiekness  for  the  pooled  data  ssas  s  (  ■  4,s  ni  14.2  '  .TO  m 
for  spring  and  5,f,  ■  5,2  lot  fall).  Hossesei.  Mom  eompiling 
these  diila  it  ssas  eletir  lh;il  most  inlerfaees  Ihieker  th;in 
seseiiil  meters  h;ul  inlet ior  siriietures  ssiihin  them  svhieh 
suggested  the  piesenee  of  unresolved  sniiiller  seale  hiyers 
anti  mierraees,  I  heiefore  Ihe  mode  is  prohtihly  more  repre- 
senuiiive  of  Ihe  lypieal  inleiraee  Ihiekness  ih;m  the  mean. 
(liiivil  mill  I’crkins  |IW7|.  mul  Smijonl  |inX7|.  ;ind 

Miinnmiiii)  li  iil.  \  inS7|  mtitle  similiir  ohservaiions  of  inler- 
md  inlerfaeial  siriieuire).  No  ptirtietilar  rehilionship  helsseen 
inteiTaee  Ihiekness  ;ind  hilitnde  or  longiuide  svtis  ohserveil. 
Ihe  dinerenees  helsseen  the  spring  ;ind  fall  distrihulions 
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t  ig  X  Disliihiiluin  lor  the  Ihiekncsscs  of  the  stcll  niisctl  layers. 


seemed  lo  lie  in  ihe  sniiiller  pereentage  of  Ihinner  inleifiiees 
12.5-5  ml  and  Ihe  larger  pereenUige  of  ihiek  inlerfaees  ( 10.25 
m  anti  linger)  in  ihe  lall. 

Ihe  mosi  eommon  lempeiiiliiie  ehange  aetuss  ihe  inier- 
laees  sviis  iihoiii  0.4  ss  iih  a  mean  of  0.52  '  .*.  0.25  (.'  (F‘igiire 
II).  The  fretpienes  disiribiiiion  ssiis  posiiively  skewed  and 
leplokniTie.  .Aelnal  vidiies  liinged  from  0,1  lor  less)  up  to 
1.5  C'.  A  ueiik  lendeney  existed  for  Ihe  larger  lemperiiiiire 
ehiinges  to  lie  sv  ilhin  Ihe  eore  region  I  Figure  12),  I  auger 
lempeniliiit  e'vnges  appear  lo  be  iissoeiiiled  wilh  ihieker 
inlerfiiees  I  Figure  FT;  however,  Ihe  relalionship  may  he 
spurious.  As  menlioned  eiirlier.  many  Ihiek  inlerfaees  had 
inlerior  fe.ilures  ihiil.  wilh  heller  resolulion.  probably  would 
hiive  been  labulaled  as  mulliple  layers  and  inlerfaees. 

I  he  lendeney  for  larger  temperalure  ehanges  lo  be  eorre- 
liiletl  wilh  huger  me;m  hiyer  sizes  (E'igure  14)  is  less  equiv- 
oLiil  lhan  Ihe  rehilionship  ssiih  Ihe  inierfaee  Ihieknesses 
beeause  less  ambiguily  existed  in  me'iisuring  layer  sizes.  Up 
Ui  ahoul  O.S  or  0.9'C'.  hirger  lemperature  ehanges  are 
iissoeiiiled  with  larger  step  sizes.  Lahoralory  experiments 
suggest  thill  hirger  temperiilure  ehanges  aeross  inlerfaees 
eorrelale  wilh  hirger  verlieiil  he;it  and  salt  fluxes  IScliiiiin. 
l079/»:  Ml  lh>iii;iill  anti  Taylar.  1984).  although  the  evidence 
is  eompliealed  by  dilFerenees  between  the  open  ocean  and 
laboratory  siluiilions  [Iloyil  anil  Perkins.  1987).  Flosvever.  if 
true  even  lo  some  extent.  Ihe  larger  step  sizes  associated 
with  the  eore  of  Ihe  slairease  region.  I0''-I4  N.  52'’-57°W. 
suggest  a  regional  niiiximum  in  vertical  fluxes  there. 

Ri  I  xiioNSHii*  TO  I  hi:  Mi.sdst  ai  i;  FT  ow 

I'he  mesosciile  flow  was  investigated  at  three  crucial 
levels:  at  Ihe  level  of  the  tidinily  maximum  of  Ihe  Subtrop¬ 
ical  Underwater,  at  Ihe  staircase  level,  and  near  the  level  of 
Ihe  siilinity  minimum  of  the  Antarctic  Intermediate  Water. 
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1  Ilk'  lloxx  IkUIs  \xi,'n.'  ,ippuiMiniiti.'xl  iisiitu  xisiuiiun.  txiix(ii;r;i 

pin  iiia|xs  ( i  x  l.ilix  c  In  "(III  xlbiii  I  al  I  (1(1  ilhai .  ^(1(1  ilhai .  ami  (lOO 
ilhai  .  1  x.'spL\l i\ x'K  ll  iuiiiA's  Isaiixl  Ibl.  I  lie  iillciivxl  ciiicciil 
pallecKx  are  iiiliii'-l.  xlepemliiiu  lillle  nn  assiiinexl  salmils 
xaliiex  ami  heim;  siippnilexl  h>  eiiiieliiMuiis  xlraxxn  lioiii 
exaiiiinmp  xle|illl  ol  isnllieilll  plnlx. 

I  lie  lllll-xlh.u  lexel,  iieai  (he  eiire  ol  (he  Siihliopieal 
I  iiilei'\xalei  eoi  i espoiixls  In  (he  niaiii  lliei  iiioeliite,  which  in 
(he  lecioii  has  iis  siroiigesi  uKuheiils  heixxeeil  ahoiil  Sd  aoxl 
2(l(l  111.  I  he  eiicccdls  iii  (his  Je/Hh  iiiiice  are  heller  known 
chisel  (0  (he  coasi  ol  Soiiih  .\iiieriea.  (,)(iile  near  (he  exiasi  is 
(he  siihsiiiraee  pad  ol'  (he  iioi (hwesi w aixl  (lowing  Noilh 
lira/ll  (  III  ceiil  (NIKI.  I ’onions  ol  (he  N  lU'  loop  hack  lo  ihc 
easi  in  (he  siihsiii laee  seelions  ol'ihe  .\ma/on  ami  Deinerara 
aiiliexelones  \  niul  SuiUki'.  I%7;  (  ix  hiniic.  IK7s-, 

(  inliidiu'  ('I  III..  Ih7h:  Hiiiic  uiul  Ki  rliiii;.  I‘>S4|.  Only  Ihe 
more  norlhei  l\  exIxK  .  Ihe  Deinerara  .Anlieselone.  falls  within 
(lie  (  ■  S.AI  .  I  area,  ami  a  pad  ofil  can  he  seen  oiillineil  h\  Ihe 
"’ll  iKii  ein  eonloin  in  I  igiire  Ih.  I  he  exklx  was  nol  ohseixexl 
111  spring  il  ignre  l’').  nor  was  (here  any  sign  of  ihc  NIK'  in 
eilher  season,  allhoiigh  (he  airerafi  simiies  may  i.xil  have 
eMemleil  close  eiiongh  lo  ihe  eoasi  lo  see  ihe  NIK’. 

I  he  llu'iinoelipe  eiirrenl  regime  av.a;,'  from  the  coast  is 
less  well  known,  ('ni  hriiiw  |l'.l7'x|.  (  (ulininc  ft  ill.  |IK7K|. 
ami  llriii  <  anil  Ki  iliiii:  \  lh.S4|  all  shovx  evixlenee  in  this  xleplh 
range  ol  the  soiithern  porlion  of  Ihe  wesiwani  (low  ing  North 
I  .c|iiatorial  (  iirrenl  looping  arxuiml  hack  lo  Ihe  east  iiearK  N. 
4h  \V.  lo  |om  ihe  easUxanI  llowing  Norih  l  iiiialorial  Conn- 
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I  ig  II  Disinhiiiioii  fill  A/.  Ihc  iciiiperaliirc  change  across  the 
iiilcilaccs  hclxxccii  ihc  wcll-iiiixcil  lavers. 


leienrreiit  m  xxhal  (  or/irmn  llH7sl  eallexi  the  "Main  Comi- 
teienrrenl  I  rough  "  A  siroiig.  weslxxaril-shifleil  xersion  of 
this  loop  is  oiillinexi  hx  (he  72  I  spring.  I  ignre  I  s )  ami  then  hx 
Ihe  hS  (fall.  I'igiirc  Ihl  xlxii  cm  eoiiloiirs  in  (he  figures. 

Nodh  ami  xxesi  of  20  N.  45  W.  (lie  sahiiilx  maxiimnn  of 
Ihe  Siihiropieal  I'mierxxaler  eniers  (he  area  from  ihe  norlh- 
east.  penelraling  soiilh  lo  perhaps  15  N  {Dctani.  IKSI|.  ami 
then  (loxxing  sonlh  ami  xxesi  ihroiigh  ihe  passages  of  the 
I.essei  .Aniilles  llfm-xi.  I%4|  ami  nodh  ami  xxesi  as  ilie 
.Antilles  (■iirrenl  lo  Ihe  nodh  of  (he  ishnuls  |lV//<  x/.  I%4; 
Drhiiii.  IhSI  |.  I  he  spring  ami  fall  pieinres  of  the  ihermoeline 
Mow  (I  igiires  15  ami  Ih)  eonlirni  ihis  xiew.  I  he  Siihiropieal 
Ihulerxx.iiei  eniers  ihe  area  from  north  of  14  N.  passes 
through  the  legion,  ami  exits  eilher  through  the  Lesser 
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f  ig.  12.  Si/c  of  SI.  the  Icmpcraliirc  change  across  Ihc  inlci- 
faecs  hclwccn  Ihc  xxcll  niixcxi  laycis.  as  a  function  of  latitude  and 
longitude. 
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AlUillcs  HI  licads  nunc  noilliucsl  as  pail  nl  the  Antilles 
C  urrent.  Snntli  cif  14  N  llie  IUh\  eoities  nune  linni  the  east  or 
sonthe.ist  li(ini  tlie  North  |■.t|llatorlal  ('tirrent.  uith  a  sub¬ 
stantial  portion  ol  the  llou  enteiing  the  North  laintilorial 
current  I  oop  aiul  reliirnine  to  the  east.  I  he  sprinu  re.uiine 
has  a  laiiter  sotitheils  eontponent  than  the  tall  reninte. 

Vei\  little  inrorniation  exists  on  the  enrrents  in  the  depth 
range  ol  the  stairetises.  about  nt  ithe  snbthernio- 

eline).  Ihdrographie  stiulies  htive  shown,  however,  that 
North  ,\thintie  C  entral  Water  lies  north  ol'aboiit  IS  N.  South 
■Atlantie  C  entral  Water  lies  south  of  It)  N,  and  trtinsitional 
wateis  till  the  inteiwening  region  {HiDcilur  itml  Ostliiiul, 
l‘)7h|.  the  laliliule  range  ol  the  best  rlexeloped  sttiircases. 
I  roni  I  igures  ISatuI  lb  it  appears  that  the  llovv  entering  from 
the  east  separates  around  14  N  into  a  northerly  component 
eoming  trom  the  north-northeast  ;ind  a  southei  K  eontponent 
from  the  easl-soiithe;ist .  One  eouki  eonehule  iVoni  these  data 
that  the  ni;un  stairetise  held  is  assoeitited  somewhat  more 
with  the  waters  liom  the  east-southeast  vxhieh  might  be 
expected  to  htive  a  greater  admixture  of  South  Atlantie 
C  entral  Water,  but  il  true.  the  signilieanee  of  this  is  unclear. 

I  he  final  llovx  regime,  between  about  .vCKI  and  ICKMI  m,  is 
that  associated  with  tile  Anttirctie  Inlermeditite  Wtiter. 
VVmw/  I  lh7S|  ciilled  it  the  Subtmtarelie  Intermeditite  Current 
iS.AICl.  He  described  the  loetil  s;ilinit>  minimum  of  this 
How,  the  Anttirctie  Intermediate  Wtiter  itself,  as  moving 
northwest  ptirallel  to  the  cotisi  and  not  far  olf  the  continentiil 
slope  up  tr'  around  b()  W,  at  which  point  he  tentatively 
iileniilied  secondary  branches  breaking  olV  from  the  main 
llovx .  The  main  lloxx  he  thought  continued  on  north  tind  west 
of  the  l  esser  Antilles,  with  tinother  signifietint  component 
hetiding  through  the  islands  into  the  Caribbean  and  still 
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f  ig.  14.  Si/e  of  XI.  the  temperature  change  across  the  inter¬ 
faces  between  the  well-mixed  layers,  as  a  function  of  interface 
thickness. 
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fig.  14.  Si/e  of  A/,  the  temperature  change  across  Ihe  inter¬ 
laces  between  the  well-mixed  layers,  as  a  function  of  metin  layer 
thickness  'avertige  of  the  layer  above  and  the  layer  below  the 
interface). 


lesser  branches  hetiding  oil' to  the  norlh-notlheast  IH'uc.v/. 
IVbd.  I978|.  Aside  from  his  work,  little  else  is  known  about 
these  eurrent  ptitterns. 

I  he  9  dyn  cm  contour  in  Ihe  b0()/70()  dynamic  topography 
maps  of  figures  1.5  tind  lb  lies  in  the  center  of  a  well- 
demarcated  How  regime  which  mtiy  be  identified  as  the 
Subiintarctic  Intermediate  Curi  ent.  Most  of  the  How  appears 
to  pass  into  the  Ctiribbean  through  the  southern  Lesser 
Antilles,  with  this  trend  being  more  marked  in  the  spring.  A 
very  similar  impression  is  given  from  examintitions  of  depth 
contours  of  the  .5'^  and  b"C  isotherms  (not  shown),  and  it  is 
not  fell  thiit  Ihe  proximity  of  the  70()-dbiir  reference  level 
letids  to  erroneous  conclusions. 

If  these  interpretations  of  the  How  fields  from  Figures  1.5 
tind  lb  are  accepted,  then  on  may  conclude  that  the  stair¬ 
cases  arise  at  and  shortly  after  the  confluence  (at  difi'erent 
depths,  admittedly)  of  the  Subtropical  Underwater  and  the 
Subantarctic  Intermediate  Current.  The  northern  and  etist- 
ern  boundary  of  the  field  (between  .50°  tind  .5.5"W)  was  very 
sharp,  consistent  with  the  hypothesis  that  the  staircases 
arise  only  when  the  superposition  of  these  tw  o  water  masses 
produces  the  suitable  vertical  salinity  and  temperature  gra¬ 
dients  that  give  rise  to  vigorous  salt  fingering  and  the 
creation  of  the  large-sctile  staircases. 

Because  of  the  proximity  of  the  reference  level  to  the 
bOO-dbar  level  of  the  third  panels  in  Figures  1.5  and  lb.  it 
might  he  argued  that  only  in  the  broadest  sense  do  the 
contours  approximate  streamlines,  and  details  of  Ihe  differ¬ 
ences  between  the  two  time  periods  should  be  ignored. 
Nevertheless,  these  differences  are  supported  by  the  pat¬ 
terns  deduced  from  depths  of  Ihe  .5°  and  6°C  isotherms,  and 


1  >.  I  I  U  KM  \  !  Si  \lh<  \M  s  NnK  I  III  \M  •  )l  S<  H  III  A  Ml  KM  X  I  N  r>N^ 


v: 

■ 


>  ‘n  fji  M  I  Ml  N<  H  I  f  Kf  r>J(  H 

(-IIIANA  I  (.UIANA  liUlAf.A 

t't'A/il  .1  !  1  HMA/ll  /  iU)A,'ii  ' 

0  _  * _ _ _  _ ^ - 1 — - ^ - ; - - - - - - _1 _ I 

W  hO  45  65 '  60  ’  55 '  50'  45 '  G5'  GO  55  50  45 

I  10  I''  I  )\  n.iinii.  Iiciohl  III  il\ iKiMiK  i-L'iitiiiiclois  I  111  'in  s  '  i  ivl.ilii  c  In  Ttli'i  illi.n  .  s|ii  iim  l‘)S5.  in  I  I  )\ niiinii.  Ik'IoIh 
■  ii  Mill  Jl'.ii .  .ip|ii  o\ini,ikl\  I  liv  ccnU'i  ol  ihc  Siihiiiipii.nl  I  iiilcrunlfi  in  I  Ins  .nc.i,  l/M  I  )\  nnniis  lici.olil  .il  '(10  ilh.n  .  I  lio 
III  nil  lie  111  I  he  l.ii  ee  se.ile  sl.iii  e.ises  ii  i  I  >\  n.inne  lieinlil  .il  (lOO  ilhni .  «  nlini  I  lie  Snh.iiil.ii  elie  Inlenneiliiile  (  in  i  enl .  I  lie 
iiiilliiieit  mens  me  (hose  ol  (he  in. tin  st.nie.ise  lieUI  in  llie  spinm  lioni  I  ipine 


il  IS  iKil  uni easnnabk'  lo  assent  dial  eliaiigcs  in  ills  palh  iil'lhc 
Snhanlarclic  Inlci  ineelialc  ('nnenl  .ippc.n  In  cni'iclalc  uiih 
clianue's  in  the  shape  eil'lhc  si.niv.ise  liclel.  I  he  nuisl  noliee- 
ahle  ehanee  is  die  nnilhw.irel  eMensinn  oh  die  lielel  in  (all  In 
sprin.e,  ninsi  nh  die  ,S.\K'  lein.iineel  snnih  nl  14  N  exeepi  lor 
,1  noidusarel  preUiusion  .inniuel  s'  W,  1  he  main  siaireases 
la\  sonlh  ol  14  N.  exeepi  lor  noilhnarel  prolrusions  belueen 
X'  aiul  x?  W,  khieh  eorrespoiuleel  \er\  nieely  lo  the  posi- 
lioii  ol  the  .SAIC.  In  die  lall  die  si.iirease  lieUI  was  shil'ieel 
norlhnarel.  espeeialK  belween  .''x  aiul  xs  VV.  perhaps  owinj: 
lo  die  iieneral  iiuire  norllnsarel  leiielenes  ol  die  SAU'  in  die 
tall  or  perhafis  leiiresenliny  an  exolniioii  ol  the  norlhnanl 
pioirnsion  of  die  lieUI  in  this  loniiiinile  range  dial  was  seen  b 
mondis  earlier. 

■Si  mm  xkx  \M)  I)is(  I  ssioN 

rile  Iherniohahiie  siaireases  in  tins  portion  ol'  (he  norih- 
wesl  iiopieal  .\danlie  exhibil  a  leniarkable  temporal  aiul 
spall. il  |iersisienee.  In  s[iring  aiul  lall  IdH'x  diey  oeetirreil  in 
essenli.ilK  die  same  posiluni  .is  dnrmg  die  preeeiliiig  16 
\ears.  I  hex  oeein  rexl  in  one  eoniieelexi  lieki  ol  xxell- 
ilex  elopexi  layers  xxiih  xxeakei .  less  xxell  xlelined  layers  lo  die 
norlheast  .nul  sontheasl.  l  ayer  teiiipei atnres  aiul  saliiiilies 
leiuleil  lo  ehan.ee  soiiievxhal  hori/x’iilally  \.Siliiiiill  <l  nl.. 
Inx7|.  so  die  .Wlil  spaeing  ol'  ss_||()  hm  vxas  iio(  elose 


enough  lor  nnaiiibignoiis  traeiiig  ol  iiulivixlnal  layers.  Iloxx- 
exer.  oilier  obsei x alioiis  slioxxeci  dial  some  ol'  die  layers 
persisleil  lor  al  least  K  months  belxxeeii  die  spring  and  lall 
('  SAI.I  lieki  operations  \S(  liinifl  cl  ill..  inS7|.  and.  in  lall. 
some  ol' (hem  exteiuknl  die  (nil  xxulih  ol'  die  main  stairease 
(iekl.  a  ilisiaiiee  ol  some  Slid  km  iH.  I’eikins.  iiiipnhlistied 
data.  IW5I, 

Dclaileil  sialistieal  analysis  ol'  die  xx ell-developed  sieps 
shoxxeil  disiiiiel  lalilnde-longiliule  relalioiiships.  prel'erred 
layer  and  iniert'aee  Ihieknesses,  aiul  pret'errexi  teiiiperaUire 
elianges  aeross  the  inlertaees.  The  siaireases  xxere  shalloxx- 
esi  ill  die  sontheasl  ( ISd-.VxO  mi  aiul  xleepesi  in  the  northxxest 
(42d-6.xd  ml.  I’rererrexl  sizes  ol'  the  layers  xxere  2-6  in  and 
14-Id  111.  xx  hile  die  prel'erred  size  of  die  separating  interraees 
xxtis  2  111.  tdlliongh  the  rel'.itive  I'reqneney  disiribiitions  xxere 
not  strongly  peakexl.  The  prel'erred  teiiiperaiiire  eliange 
aeross  an  iiileilaee  xxas  about  0.4  C'.  but  again  the  distrihn- 
lion  xxas  I'airly  broaxl.  These  pixiperties  are  virliuilly  idenlieal 
xxiili  (hose  Troiii  earlier  reports  siimniarized  by  Hoyil  und 
I’crkins  \  Id87|.  Nx>  stalislieal  dilTerenees  betxxeen  the  spring 
and  Tall  Treiineney  xlisiribntions  xvere  imted  except  lh;il  in 
Tall.  Texxer  relalixeix  thin  and  more  relatively  thick  inteil'aces 
xxere  Uniiul. 

The  core  oTtlie  staircase  region  (the  area  xiTlargest  number 
xiT  layers,  thickest  layers,  and  largest  leniperatiire  changes 
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hclucL’M  LiVlTs)  I,i\  al  IH  14  N.  '2  - U  .  Nunc  of  ihc 
ichili\  c  li  i.'(.|uoiK  \  1.1  i  sin  Hill  KIMS  w  Cl  c  ( liuissian.  and  \Mlh  Ihc 
c\cc|ilu)n  ol  Ihc  disii ihiilion  loi'  la\ci  ihickncsscs.  lhc\  ucic 
pi'sili\cl\  skewed  and  Icplokin lie. 

.Slime  la\eis  ha\e  heen  lepoiled  lo  he  spalialK  eoheienl 
o\ei  exlensiie  tlisianees.  I  his  is  perhaps  al  odils  uiih  ihi. 
lindine  lhal  ihe  niimliei  ol  la\eis  in  a  siaircase  rulloweil  a 
I’oisson  disinhiilmn.  I  he  I’oisson  l\pieall\  oeeiiis  when  ihe 
minibei  ol  ol'sei  \  alions  al  one  point  is  indepeiulent  of  Ihe 
iiiimher  ,il  ain  other  point,  l  hal  the  number  of  la\eis  al  one 
stalion  is  mdependeni  ol  the  number  at  oilier  sialions 
simpesis  \,er\  litlle  spatial  eoherene\ .  Il  max  he.  howexer. 
lhal  onix  a  limiled  number  of  the  eeniral  laxers  in  the 
staircases  were  aeliiallx  eonliniioiis  and  lhal  laxers  ahoxe 
and  beloxx  were  eoheienl  oxer  onIx  short  disiaiiees;  this  is 
not  ineoiisislenl  w  ilh  Ihe  liiulines  ol  .S(  liiiiitl  ci  <il.  \  lhS7|.  ( )n 
Ihe  other  hand,  il  max  also  be  lhal  the  lon^  eoherenc'  .^.des 
were  umi.|ue  lo  the  limiled  shipboarH  surxex  area,  which  lax 
wilhin  Ihe  core  reeion.  aiul  lhal  Ihe  laxers  do  not  iienerallx 
leml  lo  be  eoheienl  oxer  scales  ol  .^.s-llll  km  or  irrealer 
ihrouehoul  the  laree-scale  stepped  reuion  as  a  xxhole.  .Some 
exidence  supports  ihis.  In  l'W2.  /Iiiirhas  iiiul  Onnidov 
|ldS.’'|  were  .ible  lo  irace  laxers  oxer  onix  some  .V'  km  near 
III  N.  .'4  W.  and  in  IhS.i.  mul  I'fikiiw  |  lh,S7|  saw  no 

exidence  ol  laxer  eoherenex  belxxeen  Ixxo  sialions  124  km 
apart  loealed  al  10  N,.''!  V\' and  HI. 7  N,  .x2..'x  W.  linallx.ihe 
number  of  laxers  al  adja'  cnl  stations  max  indeexi  be  non- 
iiulependenl,  with  the  la  ers  beint;  iieneraled  b\  some  iin- 
kiioxxn  process  xxiih  an  underlxing  Poisson  ilisuibiiiion. 

l  o  accoiini  to  some  eMenl  for  die  subsiantial  hori/onlal 
salinilx  urailients  in  (he  area,  a  number  uC  loealion- 
xlepemlent  hisiorieal  polenlial  leniperaliire-salinilx  relalion- 
ships  were  used  lo  assien  salinilx  lo  Ihe  lemperalure  xahies. 
ami  the  inesoseale  Moxx  (ield  was  estinialed  from  dynaniie 
heighl  anomalies  ealeiilated  relalixe  lo  700  dbar.  .A  eorrela- 
iion  belxxeen  Ihe  lloxx  held  <nul  Ihe  loealion  xifihe  siaireases 
XX as  seen  xxhieh  supported  the  exmleniion  lhal  Ihe  siaireases 
are  erealexi  al  the  eonlliienee  of  (he  .Subtropical  I'nxierxxaicr 
anxi  Ihe  Aniarelie  Inlermexiiale  Water,  presumablx  as  a 
result  xif  double  xhll'iisixe  xertieal  mixing;. 

Wha!  exidence  siippxiris  the  eonleniixm  lhal  sail  lingerini; 
is  inxxdxexl  in  Ihe  erealion  and  mamtenanee  of  the  siair¬ 
eases.’  I  irsi.  Ihe  laxerinx:  appears  at  the  eonlliienee  xif  a 
xxarm,  sallx  water  mass  tlxiwing  oxer  a  exioler,  fresher  xine. 
Seeonxl.  Ihe  lemperalure  and  salinilx  iiraxlienis  in  the  area 
are  such  that  an  important  parameler,  Ihe  density  ratio,  falls 
beloxx  a  erilieal  value.  I  he  density  ralio  is  detined  as  o/  /iV 
Ixx  here  o  and  are  ihe  eoeltieienis  xif  thermal  expansixin  and 
saline  eoniraelion  and  /  and  .S  are  Ihe  verlieal  lenijieralurc 
ami  salinity  giadienis),  and  it  governs  salt  linger  growth  rates 
ami  the  v igorxnisness  of  double  dilViisive  eonveetion 
\.S<  liinin.  I079u.  /)|.  rhermohaline  staircase .  have  only  been 
observed  for  density  ratios  less  than  aboi.,  I  .S.  and  its  value 
in  the  ('-.SAI.'I  study  area  is  about  l  b  diiil  Perkins. 

I9S7;  Sdiinill  cl  ill..  I987|.  .Siliniili  cl  ill.  |I987|  show  that 
the  vertical  range  of  the  staircases  in  a  given  profile  always 
coincides  with  a  broad  minimum  in  density  ratio,  A  low 
value  of  Ihe  density  ratio  has  heen  taken  as  both  a  rei|uire- 
menl  for  Ihe  formation  of  the  staircases  and  a  substantiation 
of  the  importance  of  vigorxius  salt  linger  activity  Cor  their 
existence  \Scliniiti.  I9SI|,  Ihird.  ('-.SAI.'I'  shadowgrtiph 
pictures  \Kiiii:c  cl  nl..  I987|  show  near-hori/ontal  slrialixms 
consistent  with  predictions  by  ('.  Shen's  (iinpuhlished  manu- 


scripl.  |9,SS)  mimei  ical  moxlel  of  sail  lingers  in  a  shear  held 
I  iiiallx  .  Mill I'lci  iihi  cl  III.  I  I9S7|  reporl  exixleiice  ol  conxec- 
tixe  plumes  wilhin  the  well-mixexi  laxers 

llowexer.  for  a  niimbei  of  re.isons  the  mechanism  gener¬ 
ating  the  oceanic  staircases  cannot  be  a  siraiglilloi  xx.iixl 
extension  ol  salt  lingering  in  the  laboralorx .  Ihe  scales  of 
both  Ihe  conxectixe  fixers  ami  of  the  imerf.ices  in  the  ocean 
.ire  2  orxiers  of  magniliixle  loo  large  \Hii\  il  mul  I'l  i  kin  \.  |9X7|. 
Micrxisiruelure  he.il  anil  biioxancx  Ihix  measiiremenls  ni.ixle 
xluring  C-S.Xl.  I  were  sexer.il  orxiers  of  magniliixle  less  ih.iii 
what  wouixl  be  expected  from  laboralxii  x  Mux  expel  imenis 
\l.iicik.  19, S7;  (//I'ce  mill  Smilniil.  I9S7|.  Kiiiliu  |I9S7| 
suggests  this  max  be  because  the  sail  lingers  in  llie  ('-.S,\l.  I 
uuerfaces  were  not  Ihe  fasiesl  groxxih  rale  lingers  xxhich 
.ippear  Ixi  xlominale  laboralorx  expel  imenis  I  he  shaxioxx - 
graph  picliires  of  Kiiii:c  cl  nl.  |I9S7|  did  not  shoxx  Ihe 
xertieal  striatixins  which  wouixl  be  characlerisiic  ol  labor.i- 
Ixirx  salt  lingers,  allhough  such  xertieal  slrialions  haxe  been 
milexl  111  staircases  loealexi  beloxx  ihe  Mexlilei  ranean  Oiilllx'xx 
and  in  the  Ixri  henian  Sea  |H  /'///uiux.  I97.s|.  .\nxl  lin.illx .  (he 
repxHl  by  Miiiiiiiiriiin  cl  nl.  |I9,S71  on  hori/ont.il  xxaxe 
number  speelra  of  lemperalure  niici osli iieliire  xxilhin  Ihe 
inlerfaces  was  more  consistcnl  with  nearix  hxiri/onlal  striic- 
iiires  Ilian  xxiili  ihc  .ipproximaieix  xeriical  salt  lingers  which 
are  obserxexi  in  ihe  fiboraliux  . 

Nexerlheless.  the  exidence  is  strong  that  in  some  poiulx 
iimlersiood  wa>  Ihe  sail  linger  fx'ini  of  double  dill'iisixe 
eonxeclion  is  probablx  Ihe  major  faclor  in  the  formation  .ind 
maintenance  of  large-scale  thermxihahne  siaireases  such  as 
are  persisienllx  fxiimxl  in  the  norlhwesi  iropical  .Atlantic.  Nxi 
olher  explanation  has  been  proposexi  w  hich  incxirpoi  ates  the 
circumstantial  ex  idence.  I'nforliinatclx .  no  satisfactxirx  Ihe- 
oretical  framewurk  xel  exists  ixi  explain  the  manx  phenom¬ 
ena  xlociimented  xluring  C-SAI  I'.  I'he  data  reported  here 
give  a  very  gxHixl  characteri/ation  of  impxirtant  features  of 
the  staircases  and  shoiilxl  be  xahiable  fxir  testing  thexiries  of 
staircase  formation  ami  maintenance  when  they  become 
available. 
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w.is  siipporled  under  Ihe  Naval  Ocean  Keseareh  and  DevelopmenI 
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